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This paper presents a test rig to measure the pressure drop of the refrigerant R744 (CO2) in refrigerant pipes of an 
automotive air conditioning system. The experimental layout is basically a cooling cycle. In a measurement section, 
arbitrary shaped pipes of an automotive air conditioning system can be installed. As boundary conditions mass flow, 
pressure and enthalpy of the refrigerant at the inlet are independently adjustable to values that cover the whole 
operating range of an R744 automotive air conditioning system. In addition to the experimental investigations, a 
numerical analysis with CFD software is conducted. The results are compared with the test rig results to validate the 
numerical model. Finally, the impact of the refrigerant pipes pressure drop on system behavior is analyzed with a 
comparison of two models of an R744 air conditioning system in Modelica. One model includes the resistance 




For the design of air conditioning systems in automotive industry the AirConditioning Library written in the 
modeling language Modelica is often used. A precursor version of this library (AClib) was developed by Pfafferott 
and Schmitz (Pfafferott and Schmitz, 2000). In this one-dimensional modeling approach the pipes connecting the 
system components like compressor, evaporator and condenser are usually modeled as straight pipes with equivalent 
length or they are neglected. Due to the arrangement of components in the engine compartment refrigerant pipes 
contain a larger number of bends, contractions and expansions as well as corrugated pipes. The pressure drop is 
therefore considerably higher than for a straight pipe. Simultaneously, pipe cross section should be minimized to 
keep the filling volume of the refrigerant unit as small as possible.  
Since the use of refrigerant R134a is not allowed in new passenger cars according to the EU directive 2006/40/EG 
because of its high Global Warming Potential (GWP=1430), automotive industry is prospecting for an alternative 
refrigerant. One option is the use of carbon dioxide (R744) with a GWP value of 1. Because of the thermodynamic 
behavior of R744 system pressure has to be considerably higher compared to R134a refrigerating units. Therefore all 
components have to be adopted. Refrigerant pipes usually contain a flexible hose part to decouple engine and 
chassis. With the use of R744 hoses made of rubber cannot be used because of higher leakage rate. Instead, metallic 
corrugated tubes are used which have a higher pressure drop due to the surface structure. Therefore a more detailed 
analysis of refrigerant pipes appears to be reasonable. Hence, the aim of the study at the Institute of Engineering 
Thermodynamics is the experimental investigation of refrigerant pipe pressure drop for any inlet condition in an 
R744 automotive air conditioning system. Additionally, numerical calculation of the pressure drop with CFD 
methods is investigated to reduce the experimental effort in future analysis.  
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2. TEST RIG 
For the purpose of the pressure drop measurements in R744 refrigerant pipes a test rig has been build up during this 
project. The schematic is shown in Figure 1. 
 
 
Figure 1: Schematic of test rig  
 
The structure of the test rig does not correspond to the construction of a refrigeration circuit. It works like a pump 
circuit. The advantage of this setup lies in the fact that all operating conditions of an R744 automotive air 
conditioning system can be adjusted at the inlet of the test section of the test rig (𝑝 , 𝑇 ). The operating range 
concerning pressure, temperature and mass flow rate is given in Table 1. As recirculation unit an air-driven 
compressor (Maximator, Type DLE-15) is used which is able to pump R744 in liquid, gas and two-phase state. This 
compressor is a reciprocating compressor without lubrication. Lubricating oil has a considerable influence on 
pressure drop which is not part of this study. The disadvantage of this compressor is the resulting pulsation. To 
avoid pulsations it would be preferable to use a magnetic gear pump. Because of the low dynamic viscosity of R744 
and the high system pressure this is challenging. A new magnetic gear pump was tested in subcooled operating 
points to analyze the influence of pulsation on the measurement and the results are given in Section 3.  
The recirculation unit transports the R744 from the condenser into a storage tank. The test rig includes two storage 
tanks. One storage tank can be heated to control the pressure in the test rig by the volume of the gas cushion in this 
storage tank. The second storage tank was installed to reduce the pulsations, but the effect of this dampening unit is 
too small to damp the pulsations completely. Behind the storage tanks a sight glass is used to check visually if the 
fluid is in subcooled liquid state. This is necessary for the measuring of the mass flow rate with a Coriolis mass flow 
sensor. A non-uniform density distribution of a two-phase flow acts on the vibration behavior of the sensor and 
should be avoided for the sake of accuracy. The mass flow sensor has an accuracy of ±0.1% of the measurements.  
In the evaporator, the specific enthalpy of R744 is adjusted to a given setpoint at the inlet of the test section. The 
evaporator is a plate heat exchanger. In the heating circuit thermal oil circulates and is heated by an electric heating 
element. The speed of the thermal oil pump and the thermal oil temperature is controlled and a heat balance around 
the evaporator is evaluated to calculate the outlet enthalpy ℎ ,  of R744 according to  
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?̇?  are the losses to the environment. In preliminary experiments these losses have been calculated out of 
experiments in one-phase state at different saturation pressures in the range from 30 bar to 60 bar. In case of 
saturation temperatures lower than the ambient temperature, ?̇?  can take negative values what indicates that there 
is a heat flow from the environment into the system. ?̇?  is the heat flow of the thermal oil calculated with mass 
flow rate, specific heat capacity and temperatures at the inlet and outlet of the evaporator.  
At the inlet and at the outlet of the test section sight glasses are installed to check visually the phase state of the 
fluid. For two-phase inlet conditions the flow pattern can be estimated, but not reliably determined.   
Table 1: Operating range of the test rig 
Parameter Operating range 
Pressure    30 bar to 130 bar 
Temperature -20 °C to 130 °C 
Mass flow rate       30 kg/h to 250 kg/h 
In the test section arbitrary shaped pipes can be installed with a flange connection. Behind the sight glass, a settling 
section is installed with a length of 1 m and pipe diameter according to the inlet diameter of the installed pipe. The 
pressure drop in the test section is measured by a differential pressure sensor (Wika DPT-10) with an adjustable 
operating range from 0 to 4 bar and precision of ±0.15 % of full scale. The operating range of the sensor is adapt to 
the expected pressure drop. The differential pressure pipes have a diameter of 1/8". The pipe routing between 
junction and sensor is monotonously increasing.   
Behind the test section R744 is condensed in a plate heat exchanger. The condenser is supplied by a 24 kW cooling 
unit (Huber Unichiller 260Tw). In the cooling circuit the same thermal oil is used as in the heating circuit. The 
minimum temperature of the chiller is -20 °C. The temperature of the fluid at condenser outlet is used for the fine 
tuning of the system pressure.  
Figure 2: Test rig 
For the acquisition of the measurement data a National Instruments data acquision system is used along with a 
LabView data processing program. The raw data are saved and evaluated with Matlab. The system pressure is 
monitored with 7 pressure transducers in the cycle with precision of ±1 % of the full scale. Temperature 
measurements are taken with calibrated Pt100 sensors with an accuracy of ±0.2 K. The thermal capacity of the 
chiller and the heating unit are 24 kW. In the secondary loops thermal oil is used to operate at temperatures between            
-20 °C and +150 °C. For the evaluation of the refrigerant properties for example for calculating the outlet enthalpy 
the LabView program is linked to property calculation software CoolProp (Bell et al., 2014). Figure 2 shows the test 
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3. EFFECT OF PULSATION ON PRESSURE DROP 
 
The periodic operation of the air driven reciprocating compressor leads to clearly measurable pulsations in the high 
pressure circuit of the plant. These pulsations are present in the signals of the R744 mass flow sensor, the pressure 
sensors and in the differential pressure sensor. In the area shortly before and behind the compressor the highest peak 
values occur in the signal of the pressure transducers. By virtue of the incompressibility of the liquid phase the 
pulsations at operating points in liquid subcooled states are the largest. In presence of a gaseous phase the system is 
damped, but pulsations are still visible. The dampening effect of the storage tanks is small and does not cause them 
to disappear completely.   
(a)                                                                                    (b) 
Figure 3: Mass flow measurement signal for an air-driven compressor (a) and for a magnetic gear pump (b) 
For the evaluation of the pipe pressure drop only stationary points are taken into account. Therefore the 
measurement data is recorded after pressure and temperature at the inlet of the test section are constant for five 
minutes. As explained in Section 2, the application of a magnetic gear pump is challenging due to the low dynamic 
viscosity. To the authors’ knowledge there is no magnetic gear pump available for the required operating range. In 
close collaboration with a pump manufacturer (Witte Pumps & Technology) an adapted magnetic gear pump has 
been tested. However, this magnetic gear pump can only be operated with a subcooling of 20 K to avoid cavitation 
and therefore a comparison between reciprocating compressor and magnetic gear pump can only be performed for 
selected operating point.     
Figure 3 shows the signal of the mass flow sensor when the reciprocating compressor is in use (a) and for the 
magnetic gear pump. The mean value of the mass flow is 100 kg/h in both cases. The same is shown in Figure 4 for 
the signal of the differential pressure sensor. On the left side the pulsations are clearly visible and on the right side 
the signal is much smoother due to the use of the gear pump. For the same inlet boundary conditions in the test 
section, the mean value of the pressure drop across pipe is the same when taking the uncertainty of measurement 
into account. Hence, the use of the reciprocating compressor is reasonable since the mean value of the experiments 
is not affected by the induced pulsation.    
                                                       (a)                                                                                                         (b) 
Figure 4: Differential pressure sensor signal for an air-driven compressor (a) and for a magnetic gear pump (b) 
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4. PRESSURE DROP IN REFRIGERANT PIPES 
 
4.1 Single Phase Flow 
Figure 5 (a) shows a refrigerant pipe of an R744 automotive air conditioning system which connects the internal heat 
exchanger and the compressor. Therefore inlet phase state of the refrigerant is gaseous and the pressure varies 
between 35 bar to 50 bar and temperatures between 10 °C to 35 °C. Figure 5 (a) shows that the pipe contains a 
flexible hose part. Due to the high permeability of R744 by rubber materials the hose is designed as a corrugated 
tube. 
 
(a)                                                                                          (b) 
Figure 5: Refrigerant pipe installed in the test rig (a) and pressure drop at different mass flow rates at different inlet 
boundary conditions (b) 
Figure 5 (b) shows the experimental results for the pressure drop as a function of mass flow rate at inlet pressure of    
40 bar and 50 bar with temperatures of 20 °C and 34 °C. Both curves show a quadratic dependence of the pressure 
drop on the mass flow. Due to the higher Reynolds number pressure drop for the experiments conducted at 40 bar is 
higher at the same mass flow rate. For the implementation of the results into pipe models of the system simulation a 
dimensionless representation is advantageous. Figure 6 shows the resistance coefficient as a function of the 
Reynolds number for both inlet conditions. The uncertainty of the resistance coefficient is calculated with the 
Gaussian error propagation law based on the uncertainties of the sensors as mentioned in Section 2. Because of the 
uncertainty of the differential pressure sensor at small pressure differences, the uncertainty of the resistance 
coefficient is high for small Reynolds numbers.  
Figure 6: Resistance coefficient as function of Reynolds number 
Similar experiments have been performed with refrigerant pipes of the same geometry but with different hose 
materials. A corrugated tube without any inner layer causes much higher pressure drop up to 2.5 bar. Additionally, a 
flow noise is hearable in these types of hoses when the mass flow rate is beyond 140 kg/h. The results presented in 
this section were obtained with a hose part, which has a corrugated tube with an inner layer made of Teflon to 







 2363, Page 6 
 
17th International Refrigeration and Air Conditioning Conference at Purdue, July 9-12, 2018 
In the course of the project pressure drop measurement for all six pipes of an R744 automotive air conditioning 
system had been conducted at different inlet boundary conditions as they occur in the pipes due to their positioning 
in the system. The results are used for calibrating the pipe models in a system simulation as described in Section 5.  
Besides the experimental investigation the pressure drop is calculated numerically with CFD tool Star-CCM+. As 
boundary conditions at the inlet of the simulation mass flow, pressure and temperature are implemented according to 
the experimental data. The wall boundary condition is set to adiabatic because the pipe is insulated during the 
experiments. The outlet of the CFD model is set to pressure outlet. Because of the high Reynolds number the flow is 
fully turbulent and a turbulence model has to be chosen. For the simulations the k-ε turbulence model with a high y+ 
wall treatment is used. Hence, a wall function is used to model the physics of the boundary layer instead of resolving 
the boundary layer completely. The mesh is therefore constructed with 2 prism layers and the y+ value is monitored 
to make sure that the values are greater than 30, which is the under-limit for which the model is suitable.                                                                                                               
Figure 7: Numerically calculated pressure drop using CFD and literature correlation compared to experimental data 
Figure 7 shows that the pressure drop calculated with CFD methods is around 30 % lower than the measured values. 
To compare the results with the current procedure the pressure drop calculated with the Colebrook-White correlation 
for a straight pipe (Idelcik and Ginevski, 2007) with the same length as the refrigerant pipe is shown in Figure 7 as 
well. In this case the pressure drop is 71 % lower than the measured values.  
It turns out that the calculation with CFD already represents a considerable improvement compared to the current 
procedure. But for refrigerant pipes containing a hose part there is still a significant difference between the 
simulated values and the experimental results. Therefore, the pipes have to be analyzed experimentally to obtain 
resistance coefficients for improving the system simulation.  
 
4.2 Multiphase Flow 
Although most refrigerant pipes are flowed through in single phase state, some of the pipes contain refrigerant in 
two-phase flow. Hence, the pressure drop is a function of steam quality and rises with higher steam quality until a 
maximum pressure drop is reached around a value of ẋ = 0.8. With a steam quality higher than 0.8, the pressure 
drop decreases until the refrigerant is completely evaporated and in superheated gas phase. In addition to the 
interaction between fluid and wall, which leads to pressure losses due to the friction forces, there are further friction 
effects due to the interactions at the boundary of the two phases, which flow with different velocity. This additional 
friction explains the maximum of the pressure drop at higher qualities. New pressure drop prediction methods take 
the flow pattern into account. For R744 Cheng et al. (2008) published a flow pattern map based on experimental 
results in straight pipes. For the quality range of around 0.8 an annular flow occurs according to this flow pattern 
map. In case of annular flow there is a large interface between the two phases which causes higher friction. At a 
quality of 0.9 or higher the flow pattern changes to a dry out flow where small liquid droplets are entrained with the 
flow. The pressure drop is dominated by the interaction of the fluid with the wall. 
Two-phase states at the inlet of the test section can be adjusted as well. Therefore, the enthalpy of the refrigerant at 
the inlet of the test section can be set to a value in the two-phase region and the thermal oil pump of the heat circuit 
is controlled to adjust this value as described in Section 2.  
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(a)                                                                                            (b) 
Figure 8: Two-phase pressure drop in a straight pipe at different inlet pressure levels (a) and comparison to Friedel 
correlation (b) 
Figure 8 shows the pressure drop for a straight pipe with an inner diameter of 8 mm and a length of 3.2 m made of 
stainless steel. The inlet quality is varied between 0.05 to 0.95 at different pressure levels and a mass flow rate of 
125 kg/h. Because of the fluid properties the pressure drop rises with lower system pressure. Because of the 
difference between liquid and gas properties the peak behavior at higher qualities is less when the system pressure is 
closer to the critical pressure of R744 (pcrit = 73.7 bar). The additional friction due to the phase interaction is not 
significant at 50 bar and higher pressures, but for the pressures below 50 bar the characteristic peak is observable. On 
the right side of Figure 8 (b) the experimental results are compared to the Friedel correlation for the measurement 
series at 40 bar. The Friedel correlation is implemented in the pipe models of AirConditioning Library for two-phase 
flow and there is a good agreement with the experimental data for the case of straight pipe flow. The relative error 
for the data series shown in Figure 8 (b) is 5.6 %, whereby the relative error at high quality reaches 18 %. 
Figure 9 shows the results for the two-phase pressure drop of the refrigerant pipe shown in Figure 5 (a). Although the 
pipe is only flown through with refrigerant in superheated gas state, for analysis in this study the pressure drop for 
two-phase inlet conditions is examined. The pressure drop is again higher for lower system pressure of 30 bar and 
the peak at qualities around 0.8 is observable.     
Figure 9: Pressure drop in two-phase flow for a refrigerant pipe at different inlet pressure levels 
For a comparison with the standard procedure the pressure drop according to the Friedel correlation for a straight 
pipe with the same inner diameter and the equivalent length is evaluated with the experimental data as inlet 
boundary conditions. The deviation in this case is considerably higher and the relative mean deviation is 63 % for 
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5. SYSTEM SIMULATION 
 
As explained above the influence of pressure drop in refrigerant pipes on system behavior is the focus of this study. 
For this purpose the example model of a R744 refrigeration circuit from the AirConditioning Library is used and 
extended to the pipe models. Because some of the components are directly connected, the missing refrigerant pipes 
have been added to the model. Figure 10 shows the system model in Modelica.  
The compressor is modeled as a swash plate compressor with a maximum displacement volume of 33.5 cm³. The 
displacement volume is controlled by a PI controller. The setpoint for this controller is the air outlet temperature 
from the evaporator. For this study 42 stationary points are analyzed according to Krüger (2015). These operating 
points have been defined and selected by a working group of car manufacturers and suppliers as representative states 
of a mobile air conditioning system.     
 
 
Figure 10: Model of an R744 automotive air conditioning system 
 
Besides the evaporator air outlet temperature, the air inlet temperature, air moisture and air mass flow at the inlet of 
the evaporator are given as boundary conditions as well as the air inlet temperature and air velocity at the inlet of the 
condenser. To assess the influence of the refrigerant pipes two system models are examined. The Benchmark model 
includes standard models for a straight pipe with the same length and the same diameter as the refrigerant pipe. The 
model “Car Cycle” includes the resistance coefficients obtained from the experimental results of all six pipes of an 
air conditioning system. 
 
(a)                                                                                            (b)   
Figure 11: Suction pressure (a) and change of COP value (b) for stationary points of an air conditioning system 
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Figure 11 shows the results for the 42 stationary points and both system models. On the left side the suction pressure 
in front of the compressor is shown. The change in the suction pressure is around 3 bar in the operating points 4 and 
5, which represents high load cases. For the stationary points with low heat load the change is negligible. The 




In this paper experimental and numerical investigations of pressure drop in refrigerant pipes of an R744 automotive 
air conditioning system are presented. With the presented test rig it is possible to measure the pressure drop for 
arbitrary shaped pipes at all operating points of an R744 automotive cooling cycle. The results for one-phase and 
two-phase flow are discussed exemplarily for one pipe and compared to numerical results from CFD simulation and 
to literature correlations. Finally, the impact of pipe pressure drop on system simulation is investigated through a 
system simulation under the use of Modelica AirConditioning Library. At high load points a significant change in 
COP of -6 % to -10 % can be observed. Hence, the resistance coefficient of refrigerant pipes should be analyzed in 




   Subscripts  
ℎ specific enthalpy (kJ/kg) CO2 carbon dioxide 
?̇? mass flow rate (kg/s) exp experimental 
𝑝 pressure (bar) in inlet 
?̇? heat load (W) loss losses 
𝑅𝑒 Reynolds number (-) out outlet 
𝑇 temperature (K,°C) suc suction 
𝑡 time (s) TO thermal oil 
?̇? quality (kg/kg)   
ζ resistance coefficient (-)   
    
REFERENCES 
 
Bell, I., Wronski, J., Quoilin, S. & Lemort, V. (2014). Pure and Pseudo-pure Fluid Thermophysical Property 
Evaluation and the Open-Source Thermophysical Property Library CoolProp. Industrial & Engineering Chemistry 
Research, 53(6), 2498-2508. 
 
Cheng, L., Ribatski, G., Moreno, J. & Thome, J.R. (2008). New prediction methods for CO2 evaporation inside 
tubes: Part I – A two-phase flow pattern map and a flow pattern map based phenomenological model for two-phase 
flow frictional pressure drops. International Journal of Heat and Mass Transfer, 51, 111-124. 
 
Idelcik, I. E. & Ginevski, A. (2007). Handbook of hydraulic resistance. Boston, MA: Begell House. 
 
Krüger, I. (2015). Modellierung und Bewertung der Batteriekühlung in Hybridfahrzeugen. PhD thesis, Hamburg 
University of Technology. 
 
Pfafferott, T., Schmitz, G., 2004, Modelling and transient simulation of CO2-refrigeration systems with Modelica. 
International Journal of Refrigeration, 27, 42-52. 
 
